A kinetic model is developed to study the afterglow plasma of a pulsed discharge in air. This model includes a detailed analysis of the temporal evolution of heavy species during the pulse, followed by their relaxation in the afterglow. The predicted results are compared with two experimental sets performed in the time afterglow of a pulsed discharge in N 2 -20%O 2 at a pressure p = 133 Pa involving the measurements of 
Introduction
The study of air discharges and their afterglows has been the subject of intense research due to a large number of applications in various domains such as atmospheric chemistry [1, 2] , air pollution cleaning [3, 4] and bacterial sterilization by plasma [5] . Accordingly, a considerable number of experimental works concerning discharges or afterglows both in air [6] [7] [8] [9] [10] and in N 2 -O 2 mixtures [11] [12] [13] [14] [15] [16] have appeared in the literature with the purpose of describing the complex kinetics of these media. These works include experiments in coplanar and dielectric barrier discharges [6, 7] , corona [13] and nanosecond pulsed discharges at atmospheric pressure [17, 18] , as well as low-pressure plasmas, such as dc discharges [10, 11] , dc pulsed discharges [8, 9] , rf pulsed discharges [14] , afterglows of microwave discharges [15] or afterglows produced by dc pulsed discharges [16] . The effect of pressure in air mixtures has been experimentally studied in pulsed discharges [19] .
At the same time, theoretical models have been developed with the purpose of simulating these physical systems. The complexity of nitrogen-oxygen mixtures arises from the coupling between electron and chemical kinetics, due to the important role played by vibrationally excited molecules of the electronic ground state, N 2 (X 1 + g , v), the electronic excited state N 2 (A 3 + u ) and N( 4 S) atoms, which are strongly correlated with some key species produced in these media, namely O( 3 P) and NO(X 2 ). The understanding of the complex interplay kinetics involving these species is not only important in discharges, but also in the post-discharge regime, where the nitrogen excited states N 2 (X 1 + g , v) and N 2 (A 3 + u ) constitute the most relevant energetic species. As a matter of fact, the populations of these species can remain significant up to an afterglow time of ∼10 ms in pure N 2 [20] . Moreover, as pointed out in [12, 16] the study of N 2 -O 2 postdischarges can lead to a better knowledge of the elementary processes that occur in these mixtures, such as the relevant reaction channels involving the interaction of N 2 (A these issues and take into account the specific characteristics concerning geometry, source and plasma parameters. Usually, the numerical analysis of the above-mentioned atmospheric pressure discharges takes into account the solutions of a system of particle continuity equations coupled to the Poisson equation, using the local field approximation [21] [22] [23] . On the other hand, simulations of low-pressure dc and microwave plasmas involve, in general, steady-state kinetic models based on the coupled solutions to the electron Boltzmann equation and the system of kinetic master equations for the most important heavy species produced in a N 2 -O 2 discharge [24] [25] [26] or the time evolution of the several plasma species from the ignition of the discharge until the attainment of the steady state [10] .
Under non-stationary conditions at low pressures in air plasmas, coupled time-dependent kinetic models have been employed with the purpose of studying sprite streamer chemistry [1, 27] and in the description of pulsed discharges in air [28] . The former study has shown that a time-dependent kinetic model for the rate balance equations of heavy species, including the coupling between the vibrational and chemical kinetics, presents reliable results for a low-pressure dc pulsed discharge in air. Furthermore, time-dependent kinetic models can also be used to provide detailed information of afterglows if the populations of heavy species are calculated with enough accuracy at the end of the discharge/beginning of the postdischarge. In the case of an air mixture, modelling calculations for the post-pulse regime of a pulsed barrier discharge have been presented in [29] , while numerical studies of low-pressure N 2 -O 2 time afterglows created by a dc pulsed discharge with a duration of 50 µs and by a microwave discharge have been carried out, respectively, in [16] and [30] . Since the afterglow properties are controlled by the active discharge, the results presented and discussed in these two works involve distinct situations. Whereas for pulses with a duration of ∼50 µs, the species concentrations are still increasing and the vibrational excitation of N 2 can be neglected, the same does not occur in stationary discharges, where the population of the active species produced in N 2 -O 2 becomes very important, playing in turn a major role in the afterglow kinetics.
An intermediate situation was studied in a recent paper [8] , where the experimental investigation of a lowpressure afterglow of a single dc pulsed discharge in air with pulse durations ranging from 200 µs up to 10 ms was undertaken. Within this time interval, some key species, such as N 2 (X 1 + g , v) , N 2 (A 3 + u ) N( 4 S), O( 3 P) and NO(X 2 ), are sufficiently populated to play a relevant role in the overall kinetics. Hence, the main purpose of this paper is to present a systematic analysis of the post-discharge measurements performed in [8] , by modelling both the pulse and the afterglow regimes. This work follows our previous publication [28] , where we have described in detail the heavy-species kinetics of low-pressure dc pulsed discharges in air, considering closely the experimental conditions reported in [8, 31] . Here, we will extend our previous study to the analysis of the afterglow of such pulsed discharges.
The structure of this paper is as follows. In section 2 we report the relevant details of the kinetic model considered for the pulse and the afterglow. The results of our study, including a comparison between the model predictions and previous measurements concerning the afterglow, are presented and discussed in section 3. Finally, section 4 summarizes the main conclusions of this work.
Modelling details
The kinetic model used in this paper is composed of two separate modules, one for the dc pulsed discharge and the other for the time afterglow. Basically, our calculations begin with the simulation of the pulsed discharge where the temporal evolution of the concentrations of the neutral and ionic species is determined by taking into account the solutions to the timedependent system of their rate balance equations. Once these populations are known at the end of the pulse, their relaxation in the afterglow is then analysed by considering the same system of equations.
One crucial aspect in this work concerns the connection between these two modules. Since the experimental conditions of this study correspond to a pulse duration range of approximately two orders of magnitude (200 µs-10 ms) and owing to the fact that the heavy-particle concentrations obtained at the end of the pulse are introduced as initial values in the afterglow simulations, the correctness of their calculation is of significant importance. The duration of the discharge pulse dramatically influences the role played by relevant processes involving key species, namely N 2 (X,v), N 2 (A), NO(X), N( 4 S) and O( 3 P), which lead to different types of behaviour in the plasma and subsequently in the afterglow. For instance, as reported in our previous publication [28] concerning similar discharge conditions, when the pulse duration increases up to 10 ms, the vibrational levels N 2 (X, v) become more populated, as well as the concentration of N( 4 S) and O( 3 P) atoms. Hence, the combined interplay of these kinetics leads to a significant increase in NO(X) via the process
and to a more efficient N 2 (A) quenching by N 2 (X, v), O( 3 P), N( 4 S) and NO(X), respectively, through the following reactions:
and
Accordingly, one should expect the metastable N 2 (A) to play a major role in the overall kinetics for shorter pulses, while the vibrationally excited N 2 (X, v) molecules will be the dominant energetic species for a long pulsed discharge. Therefore, an accurate description of these two species during the pulse is essential in order to obtain reliable sets of initial values to be considered at the beginning of the afterglow.
Moreover, the study of the afterglow should also take into account the coupling of the active species mentioned above, since they constitute the main energy carriers, being precursors for the formation of the main relevant species produced in a N 2 -O 2 mixture. [25, 28] . The pulse module is based on the one recently presented in [28] for a dc pulsed discharge in air with a time duration ranging from 10 −4 to 1 s, where the temporal evolution of the heavy species is described by the corresponding kinetic master equations with a N 2 -20%O 2 mixture at t = 0 s, assuming that the values of electron density and electron rate coefficients are the same as in a dc discharge for the same pressure and current. We note that these values are obtained in a selfconsistent way [26] with the requirement that under steadystate conditions the total rate of ionization compensates exactly the total rate of electron losses by ambipolar diffusion plus electron-ion recombination. In addition to the vibrational distribution function (VDF) of N 2 (X . The set of reactions involving these species and their coefficients is fundamentally the same as reported in [28] .
With respect to the afterglow module, we consider essentially the same set of reactions as in the pulse without taking into account the electron impact excitation processes. As a matter of fact, the high-energy tail of the electron energy distribution function in N 2 drops very rapidly at the beginning of the afterglow, reaching a quasi-stationary state after a time of about 10 −7 -10 −6 s [32, 33] . Within this time range, the rate coefficients for electron impact excitation of the N 2 (A 3 + u ) and N 2 (B 3 g ) states decrease both about eight orders of magnitude [34] . Therefore, in spite of the presence of electrons for quite long times, as large as a few milliseconds, in the afterglow [35, 36] , the electronic collisions are not considered in the system of master rate balance equations. Owing to the fact that the electron kinetic temperature decreases smoothly along an afterglow either in N 2 [32] or in air [19] , this means that the effect of electron-vibration (e-V) collisions is not taken into account in the present model for the early and intermediate instants of the afterglow, where the corresponding electronic rate coefficients can be important [33] . The correctness of this assumption will be confirmed in the discussion presented in section 3.2.
Results and discussion
Our calculations were carried out under the experimental conditions reported in [8] concerning the post-discharge of a single dc pulsed plasma in air (N 2 -20%O 2 ) generated in a pyrex tube of inner diameter 2.1 cm, operating at a pressure p = 133 Pa with a gas flow of 2 sccm and a repetition rate of 0.2 Hz. Under these conditions, two different groups of measurements were considered: (i) the decay of the excited states N 2 (B) and N 2 (C) after a pulse with a discharge I = 40 mA and time duration τ = 200 µs and 10 ms and (ii) the temporal evolution of NO(X) after pulses with the following characteristics: I = 40 mA with τ = 2 and 4 ms; as well as I = 80 mA with τ = 1 and 2 ms. Whereas the N 2 (B) and N 2 (C) fluorescences during the afterglow were monitored using time-resolved emission spectroscopy associated, respectively, with the first and second positive systems of N 2 ,
), the NO(X) absolute concentration was measured using time-resolved tunable diode laser absorption spectroscopy in the infrared region. Readers are referred to [8] for further details. Note that under the described discharge conditions, the renewal of gas between each pulse is ensured.
Since a detailed analysis of the afterglow needs to properly take into account the populations of heavy particles at the end of the plasma, we will start our discussion by presenting relevant results in the pulsed discharge for the purposes of this study. We will then proceed to the afterglow analysis, including the comparison with experiment, with emphasis on the temporal variation of the most important mechanisms that occur in these media.
The gas temperature is an input parameter in our simulations.
Here, we have assumed a constant gas temperature during the pulse [37] with values T g = 600 K and 800 K, respectively, for I = 40 mA and 80 mA, which are an interpolation of the experimental results reported in [24] for a glow discharge. For these two sets of parameters, the reduced sustaining electric field E/N g (N g being the gas number density) was self-consistently determined with the values 10.8 × 10 −16 and 11.7 × 10 −16 V cm −2 . We state that under the assumption of using, in our calculations, values for gas temperature corresponding to the experimental results of a dc plasma, which are larger than those obtained for the pulsed discharges under analysis in the present work, our simulations involved an underestimated value for the gas number density for a given pressure. Therefore, the indicated values for E/N g may be overestimated, leading eventually to overrated electron impact rate coefficients. However, our previous work [28] has shown that the supposition of a constant gas temperature with a value corresponding to the steady-state conditions allows one to obtain a satisfactory agreement with experiment, namely with [O( 3 P)] and [NO(X)], whose kinetics depends directly or indirectly on accurate electronic rate coefficients.
In what concerns the afterglow, it is known that the gas temperature decreases to ∼300 K in the post-discharge, as observed in [36] . Since the experimental value for this parameter is not available under the working conditions of interest in our study, we have assumed in our calculations T g = 300 K, as in [30] . This hypothesis is realistic in the remote afterglow, but leads to underestimated values for gas temperature at the beginning of the afterglow, affecting some rate coefficients, such as those of V-V and V-T processes, together with some chemical rate constants, that depend on T g . In order to evaluate the effect of this assumption in our simulations, we will analyse the sensitivity of the afterglow module to this parameter in the next section. Finally, it is worth mentioning that we have used in our calculations γ N = 1×10 −4 [38] and γ O = 2.5×10 −3 [39] in the pulsed discharge, while we have considered γ N = 3.2 × 10 −6 [40] and γ O = 2 × 10 −4 [38] for the afterglow regime. As seen in figure 1, for the higher vibrational levels
Pulsed discharge
, the VDF becomes progressively more populated up to a time duration of 10 ms, which is a result of the combined effect of e-V processes followed by the wellknown V-V pumping-up mechanism [34, 41] . Figure 2 reveals that the concentrations of O( 3 P) and NO(X) rise monotonically with the pulse duration. In the present calculations, both [O( 3 P)] and [NO(X)] increase nearly two orders of magnitude as the pulse duration τ varies from 0.1 up to 10 ms. This behaviour is similar to that reported in [28] , where we have compared the concentrations of these two species with experimental results under similar discharge conditions. Here, we just recall that below 10 ms the oxygen atoms are essentially created by the electron impact dissociation of O 2 molecules and through the quenching process N 2 (B) + O 2 → N 2 (X) + O + O, while they are lost mainly by the re-association at the wall. As we have stated in [28] , the temporal variation of [NO(X)] can be explained through the time-dependent balance between the predominant formation and destruction mechanisms of this species. With respect to the diminution of N 2 (A), this behaviour is just the consequence of a more efficient quenching by N 2 (X, v), O( 3 P), NO(X) and N( 4 S) via processes (R2)-(R5), since all these species become more populated for longer pulses.
Since we are interested in the analysis of fluorescence emitted from the N 2 (B) and N 2 (C) excited states in the afterglow, we continue our study by presenting in figure 4 the predicted behaviour for these two excited species along the pulse discharge under the same conditions as those considered in the previous figures. In what concerns N 2 (B), this species is essentially created by electron impact, e + N 2 → e + N 2 (B), as well as from the radiative decays,
. These processes contribute, respectively, with ∼70%, ∼13%, ∼11% and ∼3% for the shorter pulse duration of 0.1 ms. As the pulse duration increases, the relevance of the excited vibrational levels becomes more important and consequently the percentage contribution of reaction (R2) to the formation of N 2 (B) becomes ∼31% for τ = 10 ms, while the contribution of the electron impact process drops to ∼50%. On the other hand, the loss processes of N 2 (B) are, by order of importance, the quenching by O 2 and by N 2 , as well as the radiative decay N 2 (B) → N 2 (A) + hv with relative contributions of ∼48%, ∼36% and ∼17%, respectively, which are roughly constant during the pulse. Hence, the reported time-dependent behaviour of N 2 (B) is the consequence of a more effective production of this species by electron impact and from reaction (R2) with respect to these loss mechanisms.
In our pulse simulations, the temporal evolution of N 2 (C) is dominated mainly by electron impact collisions e + N 2 → e + N 2 (C).
It is worth noting here that the pooling reactions
play a minor role in the pulse kinetics of N 2 (B) and N 2 (C). In fact, the contribution of (R6) to the formation of N 2 (B) state is always negligible, while the percentage contribution of (R7) to the production of N 2 (C) reduces from ∼10% up to 1% as the pulse duration varies from 0.1 up to 10 ms, as a result of the corresponding [N 2 (A)] decrease. The rate coefficients for these two processes were taken as follows: (R6), 7.7 × 10 −11 cm 3 s −1 and (R7), 1.5 × 10 −10 cm 3 s −1 [25, 28] . Since the afterglow kinetics depends strongly on the pulse duration, let us now point out some of the pertinent results regarding the experimental conditions for the pulse duration τ which were considered in this work, τ = 200 µs-10 ms:
(i) the concentrations of NO(X), N( 4 S) and O( 3 P) will be much larger at the beginning of an afterglow of a pulsed discharge with a time duration of 10 ms; (ii) whereas for τ = 200 µs, the fractional concentrations
are smaller than 10 −3 ; the same does not occur for longer pulses, where these concentrations increase by two or more orders of magnitude; (iii) the population of N 2 (A) at the end of a pulsed discharge with τ = 200 µs is about one order of magnitude larger than the one obtained after a pulse of 10 ms.
As we will see in the following, these results will considerably influence the kinetics in the afterglow.
Afterglow

N 2 excited states kinetics. Figures 5(a) and (b) report
the calculated temporal relaxation of the VDF in the afterglow of a pulsed discharge with a duration of 200 µs and 10 ms, respectively. These two figures reveal that the VDF remains practically unchanged up to 1 ms after the end of the pulse. However, as the afterglow time increases, the tail of the VDF passes through a maximum at ∼10 ms, as a result of more efficient V-V collisions. Since the concentrations of the higher vibrational levels become significantly larger when the pulse duration increases, this effect is more pronounced for the longer pulse duration, as shown in figure 5(b). Figures 5(a) and (b) also show that the relative populations of the vibrational levels N 2 (X, v 1) are always larger for a pulse duration of 10 ms. Finally, we can also verify that the VDF becomes completely depleted for longer afterglow times.
We will now proceed to the analysis of the nitrogen excited states in the afterglow, by presenting in figure 6 the predicted relative concentrations [
. This figure shows that the concentration of this species is always larger in the afterglow of the shorter pulse duration. We should expect this result at the beginning of the afterglow, since it corresponds to the calculated values at the end of the pulse, shown previously in figure 3 , where the populations of this metastable state are larger for τ = 200 µs. Furthermore, since the abundance of N 2 (X, 5 v 14), O( 3 P), N( 4 S), and NO(X) is more important for the longer pulse durations, the N 2 (A) loss mechanisms (R2)-(R5) involving these species become much more important, leading then to a faster N 2 (A) decay in the afterglow of longer pulsed discharges. In these figures, the experimental beginning of the afterglow was properly taken into account, as well as the contribution of the background noise. Let us also recall that these experimental results were obtained by time-resolved emission spectroscopy associated, respectively, with the first and second positive N 2 systems assuming that the intensities are proportional to the emitting states. However, since these measurements did not involve a calibration in intensity, the fluorescences are known only in arbitrary units. With the purpose of comparing these experimental results with our model calculations, we have normalized the results for an afterglow time of 2 × 10 −5 s. In order to show the influence of gas temperature in these calculations involving the early afterglow, we also present here the results of our simulations when we consider larger values for T g in the post-discharge of a pulse with a duration of 10 ms. Hence, figure 7(b) also reports the calculated N 2 (B) fluorescences when we use T g = 400 K (dashed-dotted curves) and T g = 500 K (dotted curves). We can observe that for a larger value of the gas temperature, the decay of N 2 (B) becomes longer, which is a consequence of the behaviour of the VDF in the afterglow with this parameter.
In what concerns the depopulating mechanisms of this excited state, they are similar for τ = 200 µs and 10 ms, occurring mostly via the quenching processes The same as in (a), but for a pulse duration of 10 ms. The full curves correspond to calculations performed with a gas temperature T g = 300 K (reference value), while the dashed-dotted curves and dotted curves were obtained, respectively, for T g = 400 K and 500 K (see text).
in this time interval the VDF remains practically unchanged in the afterglow and becomes more populated for the longer pulse duration, as seen in figures 5(a) and (b). Furthermore, our calculations reveal that in the range mentioned above, figure 7(b) , but for N 2 (C). The full curves correspond to calculations performed with a gas temperature T g = 300 K (reference value), while the dashed-dotted curves and dotted curves were obtained, respectively, for T g = 400 K and T g = 500 K (see text). the metastable N 2 (A) and the vibrationally excited N 2 (X,v) molecules leads to a faster decrease in N 2 (B) in an afterglow of a longer pulsed discharge. In spite of the agreement between our calculations and the experimental results for t 1×10 −5 s, the predictions of our model do not follow the measured shape of the N 2 (B) fluorescence for lower afterglow times, which is longer than our results. This discrepancy is mainly a result of the rather large input impedance in the oscilloscope (5 k ) that was connected to the photomultiplier during the time emission spectroscopy measurements carried out in [8] in order to increase the signal-to-noise ratio for longer afterglow times. As noted by these authors, this procedure, which is a good compromise between the signal-to-noise ratio and the time response of the system, leads to quite long decays at the beginning of the afterglow.
Let us continue our study on the time variation of the fluorescence of N 2 in the afterglow of a discharge with different pulse durations by presenting in figures 8(a) and (b) the experimental and modelling results obtained for [N 2 (C)] under the same experimental conditions as those presented in figures 7(a) and (b). We recall that these results are normalized at an afterglow time of 2 × 10 −5 s. We also note that the experimental and the predicted results are represented, respectively, by the gray and black curves. In addition to the discrepancy between the measured and modelling results at the beginning of the afterglow, which has been explained previously, our simulations closely follow the observed N 2 (C) fluorescences. The decay of this species can be interpreted from the analysis of its main populating and depopulating mechanisms. Owing to the fact that electron impact processes play a negligible role in the afterglow, the relevant process in an air mixture involving N 2 (C) production is the pooling reaction N 2 (A) + N 2 (A) → N 2 (C) + N 2 (X, v = 0) (R7). Since N 2 (C) is essentially depopulated via the radiative decay N 2 (C) → N 2 (B) + hv, we can conclude that the time variation of [N 2 (C)] is ruled by reaction (R7). Figure 8 (b) also reports the effect of using larger values for the gas temperature, T g = 400 K (dashed-dotted curves) and T g = 500 K (dotted curves) in the early afterglow of a 10 ms pulsed discharge. This figure shows that the fluorescence of N 2 (C) has a longer decay when larger values of T g are considered in the calculations, as a result of the modification of the temporal relaxation of the VDF. A detailed inspection of figures 8(a) and (b) reveals that the N 2 (C) decay is slightly faster for the longer pulse duration, which is a consequence of the temporal variation of the N 2 (A) metastable in the afterglow with this discharge parameter.
3.2.2.
N( 4 S), O( 3 P) and NO(X 2 ) kinetics. For completeness, figures 9 and 10 report, respectively, the predicted populations of nitrogen and oxygen atoms in the afterglow of a pulsed discharge with p = 133 Pa and I = 40 mA for the two pulse durations of interest in this work: τ = 200 µs and τ = 10 ms. These figures show that the populations of these two species are larger when τ = 10 ms, as a result of larger concentrations at the end of the pulse. Moreover, with respect to N( 4 S), while the abundance of this species remains nearly constant during the whole afterglow of pulse duration τ = 200 µs, it decreases abruptly for the longer pulse duration. This behaviour can be explained as follows: in the afterglow of pulse duration τ = 200 µs, the main depopulating mechanism for nitrogen atoms is the process
, which is almost compensated by N( 2 P) metastable diffusion to the wall, which recycles N( 4 S). Concerning the oxygen atoms, the main populating mechanism of this species in the early afterglow is the quenching of metastables N 2 (A, B, a ) by O 2 , while the dominant depopulating mechanism is the recombination at the wall. This last process is still the most important for O( 3 P) destruction after the early afterglow, while the most important populating mechanism of oxygen atoms becomes NO(X) + N( 4 S) → N 2 (X, v ∼ 3) + O. For the afterglow of a discharge with a longer pulse duration, that is, τ = 10 ms, the process NO(X) + N( 4 S) → N 2 (X, v ∼ 3) + O is also the most important for the production of oxygen atoms, as well as for the destruction of nitrogen atoms during an afterglow with t < 10 −2 s. In this time range, this process is exactly compensated by the reverse one, N 2 (X, v 13) + O → NO(X) + N( 4 S) (R1), which is clearly dominant in the formation of N( 4 S) and in the destruction of O( 3 P). However, for longer afterglow times there is a strong depletion of the VDF, leading to a very pronounced decay of N( 4 S). This decay then produces a significant decrease in the populating rate of O( 3 P) atoms via NO(X) + N( 4 S) → N 2 (X, v ∼ 3) + O, which also explains the rapid decrease in oxygen atoms at t 10 −1 s. Finally, we note that in the remote afterglow both these atoms are lost mainly by recombination at the wall.
For the purposes of this work, let us now consider the time dependence of NO(X) during the afterglow of a pulsed discharge in air at p = 133 Pa, R = 1.05 cm at a low repetition rate (1 Hz) and a gas flow of 100 sccm, where the conditions of discharge current and pulse duration are as follows: I = 40 mA with τ = 2 and 4 ms and I = 80 mA with τ = 1 and 2 ms, which correspond to the same experimental parameters considered in [8] for the measurements of this species. We recall that these measurements were carried out using timeresolved spectroscopy in the infrared region, which permits one to obtain the temporal variation of absolute values of the concentration of NO(X) along the afterglow. We have also analysed the effect of assuming larger values for the gas temperature in the results for the populations of NO(X). Although not presented in a figure, our calculations have shown that for up to an afterglow time of ∼1 ms, where the assumption of T g = 300 K may be questionable, we obtain exactly the same general shape for the temporal variation of [NO(X)]. The absolute concentration of this species is slightly smaller when larger values (400 and 500 K) are considered for the gas temperature. four orders of magnitude for t < 10 −3 s. As the afterglow time increases, process (R1) becomes the most important in populating NO(X); this result is more pronounced at t ∼ 10 −2 s, as a consequence of a more efficient V-V pumpingup effect, discussed previously in this paper. However, this effect falls abruptly for an afterglow time 10 −1 s, where the main mechanism responsible for NO(X) creation involves the collisions of nitrogen atoms with oxygen molecules via the process N + O 2 → NO(X) + O. With respect to NO(X) depopulating processes, figure 12(b) reveals that this species is always destroyed mainly through the reaction NO(X) + N(
It is instructive to continue this analysis by showing in figure 13 the total rate of both populating and depopulating mechanisms of NO(X) for the case described in the previous paragraph, since it allows enlightening, in more detail, the temporal variation of NO(X) predicted by the present model. This figure shows several important features: (i) as a result of the joint effect of the sharp decay of the most important creation mechanisms for NO(X) in the early afterglow (t < 10 −4 s) and the behaviour of (R1), which follows the VDF in the afterglow, we can observe that up to t 10 −2 s the depopulating mechanisms have, in general, a total rate larger than the populating ones, leading then to the smooth decrease in [NO(X)] below this afterglow time; (ii) for t ∼ 10 −2 s, the total populating rates are more important than the depopulating ones during a short time interval, where we can observe a slight increase in [NO(X)] and (iii) finally, for t 5×10 −2 s, the total depopulating rates become more efficient, which explain the significant decrease in the abundance of NO(X) in the remote afterglow. Hence, in spite of the relatively small gap between the total populating and depopulating NO(X) mechanisms for the longer afterglow times (for instance, at t = 10 −1 s, the total populating and depopulating of NO(X) rates are, respectively, 1.29 × 10 14 cm −3 s −1 and 1.61 × 10 14 cm −3 s −1 ), they do not exactly compensate each other in order to obtain an almost constant [NO(X)], as observed experimentally. Hence, we can conclude that for t 5 × 10 −2 s, the main mechanism for NO(X) formation, N + O 2 → NO(X) + O, is not sufficient to compensate the reaction NO(X) + N( 4 S) → N 2 (X, v ∼ 3) + O,which is always the dominant depopulating mechanism of NO(X) along the whole afterglow.
Discrepancies between modelling and experiment.
From the previous discussion, we can see that the present model is capable of predicting and interpreting the experimental results obtained for N 2 (B) and N 2 (C) With respect to the first point, our model does not take into account several mechanisms responsible for the production of NO(X), namely [44] or = 2.5 × 10 −10 cm 3 s −1 [18] .
We could expect the process N( The observed discrepancy also raises the possibility of having neglected some important phenomena able to fully describe the NO(X) kinetics in the remote afterglow. For instance, one of the assumptions of the present model is discarding the electronic impact collisions in the afterglow. As pointed out in section 2, this assumption is certainly true for the production of electronic excited states by direct electron impact, but can be questionable for e-V collisions and stepwise excitation, which have rate coefficients of about the same order of magnitude in the afterglow up to t < 10 −3 s [33] . For this reason, we have introduced, in the model, the influence of e-V processes in the afterglow, by simply considering the same rate coefficients as those obtained in the pulsed discharge. Concerning NO(X) kinetics, the inclusion of e-V collisions could provide, in principle, a better agreement with experiment. As a matter of fact, from the discussion of figures 11-13, it follows that we would obtain a better agreement for the concentration of NO(X) in the far afterglow if the role played by the process N 2 (X, v 13) + O → NO(X) + N( 4 S) (R1) were more important. Hence, if e-V processes were taken into account, the input of energy into the low vibrational levels would remain for longer times and, accordingly, the population of N 2 (X, v 13) would remain longer as well. As a result of this, the deactivation of the higher vibrational levels of the VDF for t 10 −2 s would be slower, producing in principle the necessary effect on the concentration of these vibrational levels.
However, in spite of the relatively large values for the e-V rate coefficients, our simulations show that when these processes are considered in the afterglow balance equations, the obtained results for [NO(X)] are basically the same. The main reason for this behaviour is the significant decrease in the electron density during the post-discharge, as we show in figure 14 for the case of an afterglow of a pulsed discharge with p = 133 Pa, I = 80 mA, τ = 1 and 2 ms (full curves, the results for τ = 1 and 2 ms overlap each other) and I = 40 mA, τ = 2 and 4 ms (dashed curves, the results corresponding to τ = 2 and 4 ms are almost coincident for the same current).
The electrons in the afterglow are essentially produced by the associative ionization mechanisms, N 2 (A) + N 2 (a ) → e + N , and they are lost by electron-ion recombination and by ambipolar diffusion to the wall [34] within the time range considered in this figure. It is interesting to mention here that we do not obtain an increase in the electron density at t ∼ 2 × 10 −2 s, as measured in [35] and interpreted in [34] because the conditions used in that work (afterglow of a microwave discharge) are quite different from those we used here. In particular, we note that the increase in electron density measurements were explained by processes involving collisions with N 2 vibrational levels as In this analysis, we have further checked that the introduction of e-V collisions in the post-discharge description does not produce any modification in the predicted results of other species relevant to this study, which validates one of the main assumptions of our afterglow model.
Taking into account the fundamental processes that influence the VDF in N 2 , besides e-V collisions, there is another possible hypothesis involving the wall deactivation of N 2 (X,v) that could produce a slower decay of the higher vibrational levels in the remote afterglow. As a matter of fact, this mechanism becomes dominant for afterglow times longer than 10 −2 s, where V-T N 2 -N and N 2 -O exchanges have a very minor role. Under these conditions, a reduction in the probability γ v for wall deactivation of N 2 (X,v) molecules, resulting in principle from some missing surface kinetics, would diminish the depopulating rates of the vibrational levels. In this context, we have tested the effect of decreasing the values of γ v from 4.5 × 10 −4 (reference value [46] ) up to three orders of magnitude in our model. The results of these calculations are plotted in figure 15 (dashed curves) for the case of an afterglow of a pulsed discharge with p = 133 Pa, I = 40 ms and a pulse duration of 2 ms. This figure shows that the NO(X) decay is less pronounced in the far remote afterglow when γ v ∼ 4 × 10 −6 . However, to the best of our knowledge, there is no experimental or theoretical study confirming such a significant decrease in the value of this parameter in an afterglow.
Since surface losses depend on many conditions, such as the type of material, morphology, cleanliness, temperature and surface coverage, we can see a large difference between the results presented by different authors [47] in the literature. Hence, although a detailed study of surface kinetics and its influence on the gas phase kinetics is beyond the scope of this paper, we have analysed the impact of different surface loss probabilities for N( 4 S) and O( 3 P) atoms in the predicted values of NO(X) in order to verify whether the observed discrepancies can be attributed to the values of these probabilities. We recall that in the present model, we have used γ N = 3.2 × 10 −6 [40] and γ O = 2 × 10 −4 [38] , respectively, for the probability for wall recombination of nitrogen and oxygen atoms. With respect to γ N , since the value used for this coefficient is relatively small, we have evaluated the sensitivity of our model when we consider larger values of this parameter. The results of this test are reported in figure 15 (dotted curves) and show that for γ N ∼ 3 × 10 −4 , the predicted values [NO(X)] approach significantly the experimental ones, but only for t 0.2 s, where we can observe a plateau. However, below this afterglow time, the discrepancies still exist, as the general shape of this species remains practically unchanged. The explanation of this important increment in [NO(X)] with γ N comes from the fact that the main depopulating mechanism rates of this species, NO(X) + N( 
Summary and conclusions
We have carried out a kinetic study of an afterglow of a lowpressure dc pulsed discharge in air. The present study begins with the determination of the time-dependent solutions to the system of rate balance equations for heavy species along the plasma, which provide the concentration for all relevant neutral and charged species at the end of a pulsed discharge in air. These values are subsequently considered as initial conditions in a time-dependent kinetic model in order to calculate the temporal relaxation of the heavy species during the afterglow. This behaviour has, in turn, an important impact on the afterglow results, which can be summarized as follows:
(i) the well-known V-V pumping-up effect that occurs in the afterglow is more efficient for the longer pulse duration; (ii) the VDF is completely depleted in the remote afterglow of a pulsed discharge in air for both pulse durations pulsed discharge in air with a pulse duration ranging from 1 to 4 ms. In most of the afterglow, this species is basically created and destroyed by the two processes mentioned in the previous point.
We have compared the predictions of the present model with recent experimental work [8] involving the measurement of N 2 (B) and N 2 (C) fluorescences, as well as the absolute concentration of NO(X) along the afterglow of a pulsed discharge. In what concerns the decay of these two N 2 excited states, the agreement between modelling results and experiment can be considered satisfactory. As a matter of fact, our simulations supply relevant information concerning the basic elementary mechanisms which are important to explain the experimental decay observed for the N 2 (B) and N 2 (C) excited states during the afterglow of a pulsed discharge in air, as pointed out above. In particular, we have shown that the mechanism N 2 (A)+N 2 (X, v 20) → N 2 (C)+N 2 (X, v = 0) is essential to correctly describe the experimental decay of N 2 (C) in the afterglow of a pulsed discharge in air with τ = 10 ms.
With respect to NO(X), the agreement is not so good. The experiment shows that the concentration of this species is practically the same until an afterglow time t ∼ 1 s, while our calculations predict this behaviour only until t 0.05 s. Modelling shows that beyond this afterglow time, the main NO(X) depopulating mechanism, NO(X) + N( 4 S) → N 2 (X, v ∼ 3) + O, is no longer compensated by N 2 (X, v 13) + O → NO(X) + N( 4 S), whose importance decreases significantly in the remote afterglow, as a result of the strong depletion of the VDF. We have checked many hypotheses to clarify the disagreement between calculated and measured values for [NO(X)], although we were not able to find any decisive explanation. It was verified that this disagreement would decrease by assuming some changes in the wall deactivation probability of N 2 (X,v) molecules or in the recombination probability of N( 4 S), but even then the predictions do not match the experimental results.
Since in our previous work concerning only pulsed discharges in air [28] we have obtained very good agreement between predicted and experimental results for NO(X) measurements, we can conclude that the present model may not take into account certain specific effects that seem to be more relevant in the afterglow regime. In this context, a very promising aspect is the possibility of NO(X) production via surface catalysed recombination, as it has recently been observed in [48] under relatively similar experimental conditions. Therefore, future work will continue both in Porto, Lisboa, and Ecole Polytechnique, Palaiseau, France, in order to include the role of these surface processes in our simulations.
Finally, it is important to mention that the present model may be improved by including the temporal variation of the gas temperature. The consideration of this effect will lead to more accurate values for the rate coefficients associated with V-V and V-T processes, which have a major role in the temporal evolution of the VDF. Moreover, a detailed description of the gas temperature would lead to more precise values for the gas number density not only during the pulse, but also in the afterglow regime. In spite of this limitation, this work provides simulation results that have satisfactory agreement with experiment. Further, it supplies a detailed interpretation of the measurements, including a comprehensive study of the heavy-species kinetics behaviour during the afterglow of pulsed discharges in air with different durations.
